I. INTRODUCTION
The collective dynamics and the dissipative properties of the nuclear Fermi liquid depend in many aspects on the dynamical distortion of the Fermi surface in momentum space. As is well-known, taking into account this distortion allows the description of a new class of phenomena, the most famous of which are the giant multipole resonances. Furthermore, the scattering of particles on the distorted Fermi surface leads to relaxation of collective motion and gives rise to nuclear viscosity [1] . This so-called collisional mechanism of relaxation is influenced very strongly by the Pauli blocking in the scattering of nucleons close to the Fermi surface and depends on temperature and retardation effects [2, 3] . We will consider below both of them, concentrating on the fact that the retardation effects are especially important for a proper description of the transition from the zero-sound regime to the first-sound regime in the excited (heated) nucleus.
In the present paper, we are interested in the spectrum of fluctuations in shape variables.
The precise form of such spectra can be expected to depend on the parameters of the model, such as the collision time, and, especially, on the memory effects. Here, we want to study these dependencies as one step to our ultimate goal of determining the model parameters from a comparison with experimental data, as might be possible due to a relation of the afore mentioned spectra to γ−spectra.
In what follows, we combine the thermal and quantum fluctuations by means of the fluctuation-dissipation theorem. Such an approach presents a convenient connection between different regimes of collective motion such as the quantum zero-sound regime at zero temperature and the collisional first-sound regime in a hot system. This paper is organized as follows. In section II we suggest a proof of the Langevin equation for nuclear shape variables, starting from the Landau-Vlasov kinetic equation. In the derivation, the main features of the dynamical distortion of the Fermi surface are taken into account. In section III, we discuss the collision integral, for which a form is adopted that includes memory effects. The limiting cases of the zero-sound and the first-sound regimes are discussed in section IV. Results of numerical calculations are presented in section V. We conclude and summarize in section VI. The Appendix provides a derivation of the relevant correlation functions for the fluctuating forces in the case of non-Markovian processes based on the (second) fluctuation-dissipation theorem.
II. SPECTRAL CORRELATION FUNCTION FOR SHAPE FLUCTUATIONS IN A FERMI-LIQUID DROP
To consider fluctuations of the collective variables in a Fermi-liquid drop we start from the following kinetic equation for the small deviation δn of the distribution function n ≡ n(r, p; t) from the one in equilibrium, n eq , taking into account a random force [1] 
On the left hand side of (2.1), the operatorL represents the drift terms including the selfconsistent mean field U,
On the right hand side, I[δn] is the linearized collision integral and y ≡ y(r, p; t) is a random variable representing the random force. As such, its ensemble average vanishes, y = 0, while its second moment can be related to properties of the collision term, as shown in the Appendix.
To derive the equation of motion for the shape variables, we will follow the nuclear fluid dynamic approach of Ref. [4] , and take into account the dynamic Fermi surface distortion up to multipolarity l = 2:
Here ǫ is the quasiparticle energy [1] . A generalization of our approach to the case of an arbitrary multipolarity l of the Fermi surface distortion can be done in a straightforward way, see Ref. [3] . Using Eqs. (2.1) and (2.2) we can derive a closed set of equations for the following moments of the distribution function, namely, local particle density ρ, velocity field u ν and pressure tensor P νµ , in the form
3) 5) exploiting the conservation of particle number and momentum in collisions between the particles. Here E is the internal energy density, which is the sum of the kinetic energy density of the Fermi motion and the potential energy density associated with the nucleonnucleon interaction. The equilibrium pressure of a Fermi gas, P eq , is given by
νµ is the deviation of the pressure tensor from its isotropic part due to the Fermi surface distortion
7)
I νµ is the second moment of the collision integral
and y νµ gives the contribution from the random force
Using the Fourier transformation for the pressure 10) and similarly for the other time dependent variables we find the solution to Eq. (2.5) as
where we used the symbol
for this combination of gradients of the Fourier transform χ ν,ω of the displacement field. The time derivative of χ(r, t) is defined as the velocity field, hence
To obtain Eq. (2.11) we have also used the fact that the tensor I νµ , Eq. (2.8), can be reduced to 14) due to our restriction to quadrupole deformation of the Fermi surface. This is because the l = 0 and 1 components of the expansion (2.2) do not contribute to the collision integral, reflecting the conservation of particle number and momentum in a collision. Note that the form (2.14) is also correct for a Non-Markovian collision term, with the collision time τ being dependent on the frequency ω. (For convenience we will omit this frequency dependence of τ in our notations.) From Eqs. (2.3), (2.4) and (2.11) we find the equation of motion for the displacement field χ ν,ω in the form 15) where the conservative terms are abbreviated bŷ
σ νµ is the viscosity tensor
with the viscosity coefficient 18) and s νµ,ω is the random pressure tensor
The correlation properties of s νµ,ω can be obtained for the general case where we also take into account retardation and memory effects in the system, see the Appendix for details.
Using the correlation properties of the random tensor y νµ,ω , we find for the ensemble average
where
We have pre¡served the constanth in Eq. (2.21) in order to stress the fact that both quantum and thermal fluctuations are involved in Eq. (2.20) [5, 6] .
To apply (2.15) to a finite system, we shall assume a sharp boundary of the Fermi liquid
Below, we will also assume this simple form of the particle density ρ, Eq. (2.22), at nonzero nuclear temperatures T = 0. In a hot nucleus, the particle density parameter ρ 0 in Eq.
(2.22) is temperature-dependent, ρ 0 = ρ 0 (T ). However, the form (2.22) ignores the existence of a nucleon vapour.
For the description of small amplitude oscillations of a certain multipolarity L of a liquid drop we specify the liquid surface as
We write the displacement field χ ν (r, t) for an incompressible and irrotational flow,
Multiplying Eq. (2.15) by ma * LM,ν , summing over ν and integrating over r-space, we obtain the Langevin equation for the collective variables,
The collective mass B L is found to be
is derived from the first term on the right hand side of Eq. (2.16) and is given by [7] 
Using a LM,ν from Eq. (2.25), we obtain for the integral in Eq. (2.29)
where the information about the multipolarity is in
Thus we find
The proportionality to (ωτ ) 2 , for small values of this product, explains, why such a correction does not appear in the hydrodynamic limit.
For the friction coefficient γ L (ω) in Eq. (2.26) we obtain
Both, C ′ L and γ L depend implicitly on the temperature via the dependence of the collision time τ and of R 3 0 P eq on the T .
The random force f LM,ω in Eq. (2.26) is related to the random pressure tensor s νµ,ω by 
The basic property of the random variable y, in Eq. (2.1), y = y νµ = 0 transfers to both, the random pressure tensor, s νµ,ω = 0, and the random force, f LM,ω = 0.
Finally, using Eqs. (2.26) and (2.34) we can derive the spectral correlation function (α L ) 2 ω for shape fluctuations [5] :
The result Eq. (2.35) is of similar form as one would obtain starting from hydrodynamics with the difference that here both the viscosity and the eigenfrequency ω L of the underdamped oscillator,
depend on the frequency themselves. This ω dependence is due to the deformation of the Fermi surface and the non-Markovian collision term.
III. NON-MARKOVIAN COLLISION TERM
We have already pointed out, that memory effects in the collision term causes the collision time τ , introduced in (2.14), to depend on frequency. In this section, we want to discuss this dependence in more detail.
Below, we will take into account the main contributions to the relaxation time τ , one arising from interparticle collisions (two-body dissipation with relaxation time τ 2 ) and the other from collisions of nucleons with the moving nuclear surface (one-body dissipation with relaxation time τ 1 ). Thus,
The introduction of one-body dissipation reflects the peculiarities of our consideration:
1) The presence of the sharp edge in the finite nuclear The τ 1 is related to the partial width Γ
(1)
L describing the damping of the collective state due to one-body dissipation,
For the modified one-body dissipation [4, 8] the width Γ
L is given by
where λ is a free parameter which we will take from a fit to the experimental data of the width of the multipole giant resonance (MGR). For the case of finite temperatures, the Fermi velocity v F in Eq. (3.3) has to be replaced by the temperature dependent value, see Ref.
[9]. The corresponding temperature dependent correction to the one-body relaxation time
, is small at T << ǫ F and we will be neglected in this work.
Let us now discuss the contribution of two particle collisions. One purpose of the present paper is to study modifications in the expressions for transport coefficients and fluctuations due to memory effects in the collision integral. These memory effects are realized in the dependence of I[δn] not only on the distribution δn at a given time but also on the value of δn during earlier times. The weight with which the distribution δn at previous times t A more detailed analysis of this question will be the subject of further investigation.
Here, we only want to mention that we adopt phenomenological values for the parameters in our approach. Therefore, for the frequency range in which we are interested in the present case, it seems possible to neglect the frequency dependent corrections to the conservative forces in Eq. (2.26).
This approximation corresponds to keeping the real part of 1/τ 2 only, the inverse of which will, in the reminder, be called collisional relaxation time and be labeled by the same symbol, τ 2 . For frequencies small compared to the Fermi energy, one finds [2, 3] :
where β and ζ are constant. For infinite nuclear matter β can be related [10] to the differential cross section for the scattering of two particles. The differences between the different estimates of the parameter β [11] [12] [13] [14] [15] are rather large:
For ζ we will adopt the value of ζ = 4 π 2 [1, 2] .
IV. ZERO AND FIRST SOUND LIMIT
Equation (2.35) is valid for arbitrary collision times τ and thus describes both the zero and the first sound limit as well as the intermediate cases. From it one can obtain the leading order terms in the different limits mentioned.
(1) First sound limit: ωτ → 0, T >>hω
The contribution from the dynamic distortion of the Fermi surface can be neglected in this case and we have from Eq. (2.31),
The eigenfrequencies ω L of the shape oscillations are determined here by the usual liquid drop model as
In the high temperature regime, the Fermi liquid viscosity η(ω), Eq. (2.18), approaches the
where p F is the Fermi momentum and τ (0) ≡ τ (ω = 0). The spectral correlation function (f L ) 2 ω of the random force can be found from Eqs. (2.34), (2.21) and (2.32)
This correlation function is independent of ω, i.e., it corresponds to a white noise.
(2) Zero sound regime: ωτ → ∞, T <<hω
The contribution to the stiffness coefficient from the dynamic distortion of the Fermi surface is now given by (see Eq. (2.31))
This expression coincides with the analogous one from [4] . We note that, in a cold Fermi liquid drop,C ′ L provides the main contribution to the stiffness coefficient. The viscosity coefficient η(ω), Eq. (2.18), can be approximated in this limit by
The random force spectral correlation function (f L ) 2 ω is obtained from Eqs. (2.34), (2.32) and (2.21) to be
does not depend on ω. The spectral correlation function (4.7) now corresponds to a blue noise.
We recall that the quantum-mechanical zero-sound regime Eq. (4.6) was obtained from the classical approach. It is due to the fact that the quantum fluctuations have been incorporated into the correlation function (2.20) through the factor E(ω, T ), Eq. (2.21), see also
Refs. [5, 6] .
V. RESULTS AND DISCUSSION
For the numerical calculations in this work we adopt the value of r 0 = 1.12 fm and assume a temperature dependence of the surface and Coulomb parameters in the liquid drop stiffness
of Eq. (2.28), namely [16, 17] 
MeV,
where the parameter x C was chosen as x C = 0.76 · 10 −3 MeV −2 [16] and T C = 18 MeV is taken as the critical temperature for infinite nuclear Fermi-liquid [17] . Using Eq. 
For the parameters used in the present work one obtains T 
The transport coefficients C ′ L (ω) and γ L (ω) are ω-dependent because of the memory effects.
To solve Eq. In Fig. 3 we have plotted the spectral correlation function (α L ) 2 ω as obtained from Eq.
(2.35) for the two temperatures T = 1 MeV and T = 9 MeV. The different curves show the sensitivity of (α L ) 2 ω to the parameter β, Eq. (3.4). For low temperature we can observe a well defined maximum which corresponds to the GMR excitation (zero-sound regime). An increase of T leads to a shift of the maximum of (α L ) 2 ω to lower frequencies and to an increase in the width. The shape of the curves near the zero-sound maximum is a non-Lorentzian one and depends, in particular, on the retardation effects in the friction coefficient, Eq.
(2.32), and, consequently, on the parameters β and ζ in the relaxation time, Eq. (3.4).
Increasing the temperature we do not find a first sound peak centered at finite frequency for temperatures below T = T 
